Aims: To investigate whether the pharmacokinetic characteristics of semaglutide were altered in people with hepatic impairment, assessed using Child-Pugh criteria, vs those with normal hepatic function. Conclusions: Semaglutide exposure did not appear to be affected by hepatic impairment, suggesting that dose adjustment may not be necessary in patients with hepatic impairment. Semaglutide was well tolerated and there were no unexpected safety issues.
| INTRODUCTION
Type 2 diabetes is a complex disease that remains one of the greatest challenges in terms of both health and economic costs. 1, 2 Increased insulin resistance, coupled with progressive β-cell failure, are essential components of the pathogenesis of the disease, which is associated with multiple morbidities. 3, 4 Glucagon-like peptide-1 (GLP-1) receptor agonists (RAs) have gained recognition in recent years for the treatment of type 2 diabetes. In clinical trials, GLP-1RAs were associated with reductions in glycated haemoglobin (HbA1c), fasting plasma glucose and body weight, with the most frequently observed side effects being nausea, vomiting and diarrhoea. 5, 6 Semaglutide is a GLP-1 analogue under development for the treatment of type 2 diabetes. Semaglutide has 94% homology to native GLP-1, with structural modifications that make semaglutide less susceptible to degradation by dipeptidyl peptidase-4 (DPP-4) enzymes. 7 Moreover, the modifications improve the specific highaffinity binding to albumin, 7 which slows down the degradation of semaglutide in plasma and results in decreased renal clearance. 8 The structural modifications prolong the half-life of semaglutide tõ 1 week, making it appropriate for once-weekly administration. 7, 9 In phase III trials, semaglutide demonstrated superior reductions in HbA1c and body weight compared with placebo and active comparators, [10] [11] [12] as well as a decrease in cardiovascular risk. 13 Native GLP-1 is rapidly metabolized by enzymes such as DPP-4, which is found in many tissues and cell types. 14 Clearance of native GLP-1 and its metabolites is largely mediated via the kidneys 14 and, in general, GLP-1RAs require no dose adjustment for hepatic impairment. 15 In humans, semaglutide is metabolized via proteolytic cleavage of the peptide backbone and sequential β-oxidation of the fatty acid chain, with no single organ acting as the major route of elimination. 8 Semaglutide degradation products are excreted via urine and faeces, 8 implying at least partial involvement of the liver in semaglutide elimination; therefore, impaired hepatic function may affect the pharmacokinetics of semaglutide. Moreover, semaglutide binds to albumin and the concentration of albumin may be lower in people with hepatic impairment than in those with normal hepatic function.
The rationale for the present study was to provide information on whether the pharmacokinetics of a single subcutaneous dose of 0.5 mg semaglutide was altered to such an extent that people with impaired hepatic function should be dosed differently from those with normal hepatic function. The safety and tolerability of semaglutide were also assessed.
| METHODS

| Trial population
The trial was conducted in men or women aged ≥18 years with a body mass index (BMI) of 18.5 to 40.0 kg/m 2 , who provided written informed consent before starting any trial-related activities. At screening, participants were allocated into four groups: normal hepatic function; or mild; moderate; or severe hepatic impairment.
Participants with hepatic impairment were those with a diagnosis of cirrhosis attributable to parenchymal liver disease, classified according to the Child-Pugh criteria, 16 as indicated in Table 1 . The diagnosis of liver cirrhosis attributable to parenchymal liver disease was confirmed and documented according to the participant's medical history, physical examination and at least one of the following: hepatic ultrasonography, computed axial tomography scan, magnetic resonance imaging, and/or liver biopsy. The hepatic impairment was to be stable, defined as no clinically significant change in disease status in the 30 days before screening, according to recent medical history.
Participants were matched to the extent possible across groups with respect to age, sex and body weight. The median body weight and age ranges in the three hepatic impairment groups were calculated after ≥5 participants in each group had been dosed. Participants with normal hepatic function were subsequently included within these ranges and with~50% of participants on each side of the median. Participants who used any prescription or non-prescription medication which could interfere with the trial pharmacokinetic results, as judged by the investigator, were to be withdrawn.
| Trial design and treatment
This was a multicentre, single-dose, parallel-group, open-label trial.
Prior to trial initiation, the protocol was approved by the appropriate health authorities and independent ethics committees. The trial was registered at Clinicaltrials.gov (identifier NCT02210871) and conducted in accordance with guidelines for trials in people with impaired hepatic function, 18, 19 as well as the Declaration of Helsinki 20 and Good Clinical Practice guidelines. 21 Four clinical research sites in two countries were involved in the trial: two sites in Poland and two in Slovakia.
Participants attended a screening visit to assess their eligibility and were scheduled for an in-house visit within the next 28 days.
The in-house visit began on day −1 (pre-dose). On the dosing day 
| Pharmacokinetic and safety endpoints
The primary endpoint was the area under the semaglutide plasma 
| Laboratory assessments
Semaglutide concentrations in plasma were analysed using liquid chromatography with tandem mass spectrometry (LC-MS/MS; Celerion Inc., Fehraltorf, Switzerland), as previously reported. 9 Blood samples were drawn and stored at −20 C until analysed. Prior to analysis, plasma proteins were precipitated. The LC-MS/MS assay was validated according to current guidelines for analysing plasma samples in the concentration range 0.729 to 60.8 nmol/L. A 5-fold dilution of each sample was validated to extend the assay range above 60.8 nM and a semaglutide analogue was used as an internal standard. Protein binding of semaglutide was determined using surface plasmon resonance technology, as described elsewhere. 22 The assay measured the binding of semaglutide to protein, and the fraction of unbound semaglutide was calculated. Semaglutide in urine was measured after adding 1% Triton X-100 (to prevent non-specific binding of semaglutide to the container); the same assay as described above for semaglutide in plasma was subsequently used, with a lower limit of quantification of 0.810 nmol/L for semaglutide.
| Statistical analyses
The trial was designed with 78% power to establish no effect on overall semaglutide exposure as measured by the primary endpoint The primary endpoint, derived from the semaglutide plasma profiles, was the sum of the AUC from time point zero to the last quantifiable measurement and the AUC from the last quantifiable measurement to infinity, estimated using standard noncompartmental methods. The primary endpoint was compared among the four groups of participants using an analysis of covariance (ANCOVA) with log-transformed AUC 0-∞ as the dependent variable, age and log-transformed weight as continuous covariates, and sex and hepatic function group as categorical factors. A hierarchical testing scheme was prespecified to adjust the three confirmatory comparisons for multiplicity. The normal hepatic function group was compared to mild, moderate and severe hepatic impairment in order.
The variables AUC 0-last and C max were analysed using the same model as used for the primary endpoint. An exploratory linear regression analysis was performed to examine the influence of the individual Child-Pugh variables albumin (serum), total bilirubin (serum) and prothrombin time prolongation (plasma) on the primary endpoint, AUC 0-∞ , as well as on C max . In each analysis, the log-transformed parameter in question was included as an independent variable in the model. In addition, a sensitivity analysis was performed for C max , using the same model as for the primary endpoint, whereby a single sample with an unphysiologically high value was excluded from the pharmacokinetic profile.
The value of t ½ was determined using t ½ = log(2)/λ z , where λ z was estimated by log-linear regression on the terminal part of the concentration-time curve. CL/F was calculated as the dose of b People with encephalopathy grades 3 or 4 were excluded from the study.
c People with advanced ascites were excluded from the study.
Mild hepatic impairment = 5-6 points. Moderate hepatic impairment = 7-9 points. Severe hepatic impairment = 10-15 points.
semaglutide divided by AUC 0-∞ . Renal clearance was calculated as the amount excreted from 24 to 72 hours, divided by the total AUC of the compound during that period of sampling. Other secondary pharmacokinetic analyses and safety endpoints were descriptively described. SAS software, version 9.4 (SAS Institute, Cary, North Carolina) was used to perform the statistical analyses.
3 | RESULTS
| Participant characteristics
Of the 65 participants screened, 44 were exposed to subcutaneous semaglutide. Of those exposed participants, 1 in the normal hepatic Baseline characteristics of the trial population are included in Table 2 . The groups were generally comparable with respect to age, body weight and BMI, although the proportions of men and women varied across groups. All participants were white and not of Hispanic or Latino origin.
| Pharmacokinetics
Semaglutide concentration-over-time profiles are shown in Figure 1 .
The mean profiles ( Figure 1A) showed a similar increase in plasma semaglutide concentration in all hepatic function groups after administration of a single 0.5 mg dose of semaglutide. Individual participant profiles for each hepatic function group are shown in Figure 1B -E.
The estimated mean values for AUC 0-∞ are shown in Table 3 .
The 90% CI for the estimated ratios of the mean total exposure of semaglutide between each group tested were all within the prespecified interval of 0.70 to 1.43, indicating that semaglutide exposure was independent of hepatic impairment.
Secondary pharmacokinetic endpoints are shown in Table 3 . For AUC 0-last and C max , the 90% CI for the estimated ratios between each group indicated similar effects across hepatic function groups and supported the results for the primary endpoint. A sensitivity analysis for C max provided a ratio closer to 1 for the severe/no hepatic impairment comparison, with an estimated mean ratio (90% CI) of 1.05
(0.88, 1.25; see Figure 1E for the excluded data point). t max , t ½ and CL/F also appeared to be similar across the hepatic function groups (Table 3) ; no formal statistical testing was carried out.
Results of the linear regression exploratory analysis of the influence of the individual Child-Pugh variables on the primary endpoint AUC 0-∞ as well as C max are given in Table 4 . Non-significant P values for each analysis suggested that the individual variables did not influence the AUC 0-∞ or C max of semaglutide, supporting the earlier main results.
The median fraction of unbound semaglutide was <1% across the groups (ranging from 0.13% to 0.36%), corresponding to a plasma protein binding of >99% in all participants.
Semaglutide was not quantifiable in any urine sample (all results were below the lower limit of quantification) and renal clearance was therefore not estimated.
| Safety and tolerability
No serious adverse events or events leading to participant withdrawal were reported in this trial. Ten participants across all groups reported 12 adverse events. These comprised: 2 events of headache and single events of asthenia, dyspnoea, oropharyngeal pain and hypertension in the normal hepatic function group; an event of back pain in a participant with mild hepatic impairment; Abbreviations: AUC 0-∞ , area under the semaglutide concentration-time curve from time 0 to infinity; AUC 0-last , area under the semaglutide concentration-time curve from time 0 to last quantifiable observation; CI, confidence interval; CL/F, total apparent clearance of semaglutide, calculated as the semaglutide dose divided by AUC 0-∞ ; C max , maximum semaglutide concentration; CV, coefficient of variation in %; ER, estimated ratio; n, number of participants with available data; t max , time to maximum semaglutide concentration; t ½ , elimination half-life, determined using t ½ = log (2)/λ z , where λ z was estimated by log-linear regression on the terminal part of the concentration-time curve.
a In the no impairment group, 1 participant withdrew consent to remain in the trial on the dosing day (after dosing) and was excluded from the analyses. In addition, 1 participant was excluded from the analysis of the AUC 0-∞ , t ½ and CL/F due to lack of data points for the calculation of t ½ .
b A sensitivity analysis for C max provided a mean ER (90% CI) of 1.05 (0.88, 1.25) for the severe vs no hepatic impairment comparison. Abbreviations: AUC 0-∞ , area under the semaglutide concentration-time curve from time 0 to infinity; CI, confidence interval; C max , maximum semaglutide concentration; N, number of participants contributing to the analysis. The endpoint was logarithmically transformed and analysed using a linear regression model with log(albumin), log(total bilirubin), log(prothrombin time prolongation + 1), log(weight) and age assessed at baseline as continuous independent variables. Sex was included as a categorical factor.
a In the no impairment group, 1 participant withdrew consent to remain in the trial on the dosing day (after dosing) and was excluded from the C max analysis. In addition, 1 participant was excluded from the analysis of the AUC 0-∞ because of lack of data points for the calculation of t ½ .
b For prothrombin time prolongation (plasma), 1 was added before log transformation, as this parameter could become slightly negative.
asthenia and 1 headache event, which were considered possibly related to treatment.
No severe hypoglycaemic episodes were reported in the trial and there were no blood glucose-confirmed symptomatic episodes. Three asymptomatic hypoglycaemic episodes were reported by 3 participants: 2 in the normal hepatic function group and 1 in the moderate hepatic impairment group.
No clinically relevant changes in vital signs (systolic and diastolic blood pressure and pulse), clinical laboratory assessments, physical examination or ECG were observed in participants with normal or impaired hepatic function.
| DISCUSSION
The present study has provided important information with respect to the use of semaglutide in people with hepatic impairment. Based on the exposure results for the primary endpoint AUC 0-∞ and supported by the other pharmacokinetic measures, there appears to be no requirement for dose adjustment of semaglutide in these people.
In the present trial, semaglutide was well tolerated overall and no unexpected safety issues related to treatment with a single 0.5 mg dose of semaglutide were identified.
Administration of treatment in patients with hepatic impairment could cause problems if the drug is metabolized in the liver, leading to increased exposure and the potential to increase side effects. Hepatic impairment is associated with decreased concentrations of albumin. 25 As semaglutide is bound to albumin, an increase in the free fraction might decrease semaglutide exposure because albumin binding slows the degradation of semaglutide in plasma and results in decreased renal clearance. 9 In the present trial, the fraction of protein-bound semaglutide was >99% in all participants across the hepatic function groups, indicating that the large majority of semaglutide molecules remained bound to albumin. The reported amount of freely available semaglutide (<1% across groups) should be interpreted with care as the protein-binding of semaglutide was carried out in vitro on blood samples taken prior to dosing. Furthermore, in order to be able to measure the protein binding in vitro, the concentration of semaglutide relative to albumin was much higher in vitro than in the participants dosed with semaglutide; in vivo, the concentration of semaglutide 9, 26 is very low compared with physiological albumin concentrations of 0.5 to 0.7 mM (> 10 000-fold lower).
Limitations of the present study include the fact that there was only a single dose of treatment and also that there were not the same number of participants in each treatment group, with fewest in the severely impaired hepatic function group. The latter was the result of difficulties in recruiting participants with severe impairment. Furthermore, for safety and ethical reasons, and also as per Good Clinical
Practice guidelines, 21 those participants with severe hepatic encephalopathy were excluded. In addition, people with advanced ascites and those for whom ascites required emptying were excluded because uncertainty in the volume of distribution in these cases could have affected the trial results. Nevertheless, the trial was conducted in accordance with the regulatory guidelines for these types of trial, and a single-dose study is sufficient when the drug exhibits linear pharmacokinetics. 18, 19 The 0.5-mg dose was the lower of the two maintenance doses investigated in the semaglutide phase III trials, and was chosen to ensure optimal pharmacokinetic profiles from single dosing and also because a higher dose would not be tolerated without dose escalation. It is recognized that it might not be feasible to conduct the study in people with the condition for which the drug is under development. 19 Volunteers with hepatic disease are an acceptable alternative and therefore results may not be directly applied to patients with type 2 diabetes and hepatic impairment. Nevertheless, the pharmacokinetics of semaglutide were similar in healthy individuals and those with type 2 diabetes in previous reports. 9, 26, 27 Finally, semaglutide could not be quantified in urine in the present study using an LC-MS/MS assay. A study investigating the absorption, metabolism and excretion of semaglutide using radioactive-labelled compound showed that only 3.1% of the administered dose was excreted in urine as intact semaglutide 8 and therefore the methodology used in the present study would most likely not be sensitive enough to detect these small amounts.
In terms of safety, no new issues related to treatment with a single 0.5 mg dose of semaglutide were identified in this trial. Few adverse events were reported and no pattern in reported events was seen across hepatic function groups. Of the 3 asymptomatic hypoglycaemic episodes reported, 2 occurred in 2 participants in the normal hepatic function group, and 1 in a participant in the moderate impairment group, indicating no increased risk of hypoglycaemia with hepatic impairment in this trial.
In summary, exposure of semaglutide did not appear to be affected by hepatic impairment and the pharmacokinetic properties of semaglutide in participants with hepatic impairment were similar to those of participants with normal hepatic function. Semaglutide was well tolerated and there were no unexpected safety concerns for the use of semaglutide in participants with hepatic impairment. Taken together, the results suggest that no semaglutide dose adjustment may be necessary in people with hepatic impairment.
